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ABSTRACT

We presentrecentcryogenioO-T data measured
in our laboratory.By infraredspectroscopy,we
find chemicalreaotionI/e-timesfor D2-T of

i54h for the 23 K liquidand 88h for the 1 .6K
solid. Nuclearmagnetioresonanoeshowsthat the ‘
rotationalJ=l+Ohe-times in solidT2 shortens
as the temperaturefalls. At 9 K, it ia only 60
mlnut%s. A firstsolid thermaloonduotivity
valueof 0.05W1m-K in 10 K T2 shows that heat
removalwill be slow in the solid. Finally,D-T
gas conductselectricityas well as the liquid;
both are softdielectrioawith conductivitieson’
the orderof 10-7 (tbm)-l.

.

INTRODUCTION

Soliddeuterium-tritium(D-T)may be used as
a future hydrogenfusionfuel. To aid in engi-
neeringthismaterial,we are measuringvarious
physicaland chemicalpropertiesof cryogenioD-T
in the solid,liquid,and gas phasea. We are
concentratingon thosepropertiesmost likelyto
be affectedby the tritiumradioactivity.

D-T REACTIONRATE

Of considerableinterestis the raaotionrate
of D2 and T2 to fern the three-componentmixture,
D2-DT-T2. At room temperature,this maotion takes
placewith am exponentialI/e-timeon the order
of tensof minutes,depandi~ on the. .-— —--—- --- -----. -------------
SSS pressure end the vessel wal~ conditions.l i
We are measuring this reactionin the liquidand I
solidat about 20 K1 The I/e-timesare on the
ordarof temeof hours. 1

We are usingthe techniqueof collislon-
1

inducedinfraredabsorption. Hydrogenmolecules
are diatodo; l!2,D2, and T2 are totally !

. . . . .

‘Workperformedunder the auapioeaof the U.S. I
Department of Energy by the LawrenoeLivermore !
Laboratoryunder contractnumberW-7405-ENG-48.” !

symnecrm””anm00
diDOlemoments.

not”possesspermanentelectric
The mixed isotopes- ND2, NT,

and DT possesssuch smallpermanentmomentathat
the usualallowedinfraredlines (of the sort that
we see in HP or C02) do not appear. If the
hydrogenmoleculesapproachone anotherclosely,
they induceweak effectsby means of the transient
electricdipolemomentand the permanentelectric
quedrupolemoment. This producesan infrared
absorptionabout 10-5 timesas strongas that of
an allowedtransition.

We have taken the firstinfraredspeotraof
liquidand eolidD-T.3 A typicalliquidsample
is shownin Figure 1. From left to rightare the
spectralregionsbelongingto T2, DT, and D2.
Each hydrogenhas a differentmass and therefore
vibratesat a differentfrequency. The pure
vibrationallines (calledQ1(0,1))4with quan-
tum numberv=bl) for T2, DT, and D2 occur
at 2458,2736,and 2986 cm-l. The otherlines
representthe vibrationaltransitionplus mole-
cularrotationalor crystalvibrationaltransi-
tions. The best peaks to use for quantitative
analysisof D2-T2❑ixtureswith a smallamount
,ofDT are the ‘doubletransitionalshownin Fig.
1. (Theseare calledthe Q1(O,l)XY +S.(0)
D2 lines,4where XY representsT2, DT, and
:D2). The firstmolecule(XY)undergoesonly
a v=O+l’excitation,but the”second.molecule
(D2)gain rotationalenergy(v=O,rotational
quantumnumberJ.D+2). Theseare the largest
peaksin the spectrum,and theymeasurethe rela-
tive amountsof the firstmolecule(XY)in the
doubletransition. We have❑eaeuredthe peak
heights,end connectedthem for the exponential
aborptionof the infraredbeam in the sample. We
also correctfor the sensitivitydifferencedue to
mass: T2 linesare 20$ smallerthanD2 lines.
The tiireepeaks used for meaeuringT2, DT, and D

?mole fractionsocuurat 2636,2916,and 3164 cm- .

It is clear that we may determine the D2-
T2 chemicalreationrate by observingthe
changesin the heightsof threeselectedpeeks.
The use of peak heightsis approximate,and better
numberswill be derivedfrom a peek-unfoldingand
area-measuringoomputarprogramnow undercon-
structionby J. Hunt.5 Our initialdata is
shownin FIs. 2. It AS consistentwith an expo-
nentialfit. The I/e-times(timeto 0.368of the
originalsignal)are 54h for the 23 K liquidand”
88h for the 18.6 K solid. The chemicalreaction

i
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Fig. 1. A typioal“D2-T2collision-&uced I
infraredspectrum: the liquidat 21 K. \
DT is formingby chemicalreactionin
the centerof the spectrum. The three I
‘double,trii~it$onnlinesu-d for quan~!
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Tima(hours)

Fig. 2. Reactionof D2-T2-to formDT as
measuredin tie ~olid and liquidby
infraredspeotroacopy.The reactions
are exponentialwithinerror.

is slow.

J=l+O ROTATIONAL”TRANSITION

When ND, HT, or DT are
molecularrotationalenergy
excite,as expected,to the

RATES

rapidlycooled,the
levelsquicklyde-
ground (J.0)state.

Becau~ of q&tum &nmietry,-thisdoes not happen
for H2, 02, and T2. Instead,thesefall”to
the J=l stateand only slowlymake the finaljump
(the ‘ortho-parameffect). The amountsof energy
in the Jal+Otransitionare 715 and 479 JAnole
for D2 and T2. But this is small oompared to
the O. 77 Whole T heat of tritiumesradioactive
decay.! The metaatablerotationalphenomenonIS
importantbecauaeit appearsin varioustechniques
of maaaurement,e.g., the infrared apeotr+. It ie

titative anelyaia are indicated. The “
othermarkedlinesare the pure vibra-
tionaltransitionsthatmark the start
of each iaotopelsspectrum.

constantlyin the way, ”and sornetimea, it even
affectsphysicalpropertiesto a considerable
degree (e.g., solid thermalconductivity).

With J. Gainesof Ohio State University,we
have studiedthe J=l+O rotationalreactiontime
in solidT2 using pulsed nuclearmagneticreso-
nance (n.m.r.).7 A pulseof radiofrequenoY
energyexcitesthe nuclei,and they ring at the
same frequenoy.The heightof tha ringingat the. . . . . . . ... . .
instantthe exciti”~pulse turnsoff is a direct
measureof the numberof excitednuclei. J=O T2
givesno n.m.r. signalbecause the two nuclear
momentsare allignedin oppositionto eachother.
J=l T2 givesa signalbecausethe nuclear
momentareinforceeach other. We can ❑ easurethe
reaotiontime by’thedeclineof the J=l T2 n.m.r.
signal●

The rotationall/e-timasin T2 are shownin
Fig. 3. The soliddata from 8 to 13 K are expo-
nential;from 18K to the 22 K liquidpoint,the
decaymay not be exponential. Ue note thatthe
reactiontimesbeoomefasteras the temperature
falls-- the oppoaitaof what we expectin most
reaotiona. The cause IS the build-upof frozen-in
radiation-damageproductsas the temperature
decreaaee. The same tren with freeatomsis seen,

1!in electron-irradiatedH2 ; atoms may be
catalyzingthe J=l+O transitionin solidT2.
The comparable time in pure H2 is on the order
of deys.9

SOLIDTHERMALCONDUCTIVITY

As mentionedabove, tritiumdecayfurnishes
an astonishingamountof heat. How to get rid of
this heat IS the firstorder of businessin a
cryogenicsystem. This makes the solid thermal
conductivityand diffuaivityimportantproperties
for the engineeringof solidD-T.

The solidthermalconduotlvityIS the most
sensitiveindicatorof hydrogencrystalquality.
Fig. 4 ahowadata for Hz and H0.10-12 Not@..,.

;r--
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Fig. 3. The J=l+Orotationalreaction’mte In
sokidT2. Note that the rate
increasesas the temperaturefalla.
Atomio tritiummay be the ~talyst.

how it extendsover six ordersof magnitude-from
a valuelikeroom temperatureoopperto thatof
air. The 10U temperature thermal oonduatlvlty
increases with temperature baaauk more phonona
(quantumunitsof crystalheat)are formed. At
higher temperatures, they collidevith one
another,and the flowof heat la impeded. For
thisreason,the peakoacursat 4 X.

The dottadlina”inFig. 4 wouldbe the thar-
mal conductivityof a perfectH2 oryatal,in
whicha phononbouncesback and forthoff the
insidefacea. No one has ever prepareda orystal
thisgood,but effortscontinue.13 The J=O H2
line IS the best arystalso far. The normal
(n)-Hz aurve lies far below. The phononsare
scatteredand impededby the 75$ of J=l H2 mle-
culea. This Illuatratas the extvrno ~enqitivlty
of the thermalconductivity,for the crystalwould
appearto be opticallyperfeat.

Figi 4 containaone very crude 10 K solid
T2 pointof about0.05 bl/m-K.14 We obtained
it from the J=l aonaentrationaa aean by infrared
spectroscopyfor a T2 samplethathad equili-
bratedafter8h. The averagesampletemperature
was hotterthan the well temperature,and us esti-
mated an enormous8 K/cm temperaturegradientin
the solidT2. Frozen hydrogenshrinksaa It
coolsand pulleaway from the vesselwalla. Thus,
our thermalaonduc.tivityvaluequiteprobably
includesa &aa space. I

There IS everyreasonto suspaotthat the
thermalconductivityof D-T will be low. The
radiatl& damagewill producedefeatsoff which
phononawill scatter. Eventually,the radiation
damagemay beginto omok the oryetal. Worseyet
may be the eff&otaof mlxlng Iaotopea. A mixture :
under its saturation preasura realata the forma-
tion of largecryetala. Suah groinboundaries”
will surelyhamperheat flou. The poaltlon of the
T2 point in Fig. 4 may not be so bad afterall.

One cum for theseproblemsis pressure. A

. - . . ------ .—------ ..

104

1(YFTl-
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FIR. 4. Thermalionduct~vityof solidHa and
HD plus our initial-T2point. the
rangeof valuesIS six ordersof magni-
tude.

few atmospheresIS enou h to induceH2 and D2
taformolear crystals~5 Toabaolutelyfnsure
that H2 fita mugly againstthe vessel ~lls at
4 K may requireabout50 atmospheres.13 For
D-T, it will be more like 120 atm.17 The data
of Fig. 4 IQS not measuredunderpressure.

We are presentlyconstructinga 200-atmther-
mal aonduativityoell. The D-T samplawill have
the configumtionof a tube heater,and it will
miae the temperatureof the sensorinsideit.

ELECTRICAL PROPERTIE3

Of all properties that oouldbe sensitive.to
radiation,elaotricalconductivitymust surely
head the list. The 5.6 kev beta particlefrom the
tritiumdecayloses its energyin roughly15 ev

.Incrementa. From every three of theseen rgy
losses,one ion and electronare formed.18

Pure liquidH2 is one of the hardestinau-
latoreimaginable,with an electricalconductivity
of about 10-17 (il-m)-’.’g Our 20-26K ~ta—...-
for T2 la ihownin-Fig~5.~-21 The ha con-
ductivityinoreaseswith densityand is beginning
to satumte at 600 mole/m3. Both haveconducti-
vitiesin the mnge 10-7 (ii-m)-’.The tilt- .
ium Ium made theminto aoftdielectrics.

Above200 mole/m3,the gaa has a higher
conductivitythan the liquid. The saturatedvapor
●bove liquidD-T will be more oonduotive.Any
ohargeappliedto the liquidshouldleekinto the
vapor.

The differencebetweenthe liquid~d the gas

-3-
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1s illustrated by our dielectric constant tri~asurs?-
ment~ at 1592 HZ and 2830 ~in. Liquid T2 has 4
X 1010 electric charges/cnole, of which 25 to 40%
may be electrons. The ion yield is only about
10-3 fOnS pairs/100 e.v, The ‘gasshows about
1012 static electric charges/mole, regardless of
density. Le”ss than 2$ of the charges are probably
electrons, and the ion yield is 0.15 - 0.5 ions
pair.9/:00ev.

..-

~t is clear that cksF@$ production is more
efficient in the gas than in the liquid. In the
gas,ions and electrons are further apart and less
likely to recombine. In both cases, however, vir-
tually all the current is carried by the high
mobility electrons. The ions are about 2000 times
slower. They register as static chargessin the
dielectric constant, but Chgy have no appreciable
effect on the electrical conductivity. Electrons
may react Co form tritide ions and possibly even
larger species.22 Thi3 is why the percent of
electrons is lessthan 501.

Upon freezing, the solid pulls away from the
walls and electrical contact is lost. Over-
pressures of 1 atm do not help. We are presently
building a 200 atm electrical conductivitycell to
●ttack this problem.

CONCLUSIONS

Our goal is to accumulate enough data on
cryogenic D-T to allow fusion engineers to feel
comfortable with this potential fuel. ‘fo this
end, we are working on D2-T2 chemical and
rotational kinetics, solid thermal conductivity,
and electrical properties,
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